Microorganisms execute an enthralling range of adjustments to survive in the host.
| INTRODUCTION
The human body is a dwelling place for various species of bacteria, fungi, viruses and parasites. The microorganisms which exist and flourish in human body are commensals, undamaging and hence are beneficial for host as they endow the host with certain nutrients or contend with pathogenic microorganisms for space and resources. Nonetheless, there are also innumerable microorganisms which cause diseases in human hosts. 1 Here the job of immune system starts; which primarily, is to outrightly keep these microorganisms away; failing which, secondarily, to first seek out and then destroy them. 2 
| MOLECULAR MIMICRY: THE CONCEPT
The hallmark of a healthy immune system lies in its incredible ability to discriminate between the body's own "self" cells and foreign "non-self" cells and to quickly mount an attack against the foreign invaders only, while sparing the self cells. 3 However, microorganisms have also devised innovative strategies to decoy the host by either subverting or evading its surveillance. Mimicry is one such rational tactic in this battle which microbes employ for camouflage in natural conditions. The evolution of mimicry goes back a long way with its roots originating from cases of mimicry in surroundings, that is resemblance of animals in shape and colour to their surrounding environment in order to confer them an advantage. 4 The word "molecular mimicry" was formally introduced by Damian, and he was the pioneer to put forward this concept from an evolutionary viewpoint that antigenic sharing between microorganisms and host tissue could be considered as a means of avoidance from immune response of host. After a hiatus of two decades, this term was reintroduced with a completely contrasting connotation, that is these "shared" antigens of a microbe might invoke an autoimmune response and hence cause damage to host. 5 One of the earliest examples in this context was provided by Zabriskie, 6 Fujinami and Oldstone 7 and Fujinami et al 8 in reference to Streptococcus pyogenes, Experimental autoimmune encephalomyelitis (EAE virus) and Theiler's murine encephalomyelitis virus (TMEV), respectively. The mimicry of host antigens by microorganisms might evoke cross-reacting immune responses to antigens of the host. However, autoimmunity induced by molecular mimicry may occur when microbial and host antigens are similar, but differ enough to break self-tolerance, which allowed mimicry to be classified into three broad categories viz. Type 1 with complete identity of amino acid sequences in different protein molecules; type 2 with structural similarities rather than amino acid sequence identities in the mimicking chemical structures; and lastly type 3 involving recognition of completely dissimilar chemical structures on separate molecules by a single antibody. 9 Also of note is the fact that cross-reactive Abs are not always entitled to diseased hosts only, in fact they might be present in normal individuals with increased Ab titre post-infection, suggesting that besides mimicking epitopes, the development of autoimmune disease necessitates a susceptible host with pre-disposing MHC haplotypes, elevated cytokine production or target organ sensitivity.
10
Taking into consideration the plethora of work that has been dedicated to this field, it would not be an understatement to say that molecular mimicry, by and large, has been studied in context of autoimmune diseases only. Hence, for researchers in this field, it was a challenge to prove that molecular mimicry could also be a mechanism of causing infertility. Nonetheless, an observation that the "natural" ASAs are also present in individuals who have never been exposed to spermatozoa (read, virgin girls and boys before puberty), laid the foundation of a hypothesis suggesting the potential role of cross-reactivity between spermatozoa and microbial antigens in infertility, that is an immune response evoked against the invading microorganism generates antibodies that might be produced against an epitope that bears similarity to one on spermatozoa, thereby leading to formation of ASAs which might hamper the process of fertilization. Hence, this review outlines various instances of molecular mimicry caused by bacteria, parasites and viruses in the world of autoimmune diseases and infertility.
| Bacteria
Currently a number of bacterial mimics of human proteins are known to initiate various autoimmune responses and infertility, and some of them have been listed below:
| Staphylococcus aureus
One of the strategies that this microorganism adopts to cause infertility is by mimicking the surface proteins of human spermatozoa and thereby forming ASAs. To verify the existence of this hypothesis, Anas et al 11 employed a computational approach to evaluate the homology between S. aureus and spermatozoa proteins based on sequences and structure. Interestingly, 55 of 96 human spermatozoal proteins showed homology with S. aureus proteins with sequence similarity ranging between 19% and 45%. The proteins which showed homology between the two include: Glyceraldehyde-3-phosphate dehydrogenase, L-lactate dehydrogenase C, protein deglycase DJ-1, sperm acrosome membrane-associated protein-4 and UDP-N-acetylhexosamine phosphorylase.
| Streptococcus pyogenes
Streptococcus pyogenes, commonly called Lancefield Group A streptococcus (GAS), is a gram-positive, β-haemolytic, extracellular bacteria which generally inhabits epithelial surfaces, especially of throat and skin and is accountable for various suppurative and non-suppurative conditions. One such potentially serious non-suppurative complication is acute rheumatic fever (ARF) which is a late outcome to S. pyogenes throat infection in predisposed individuals. A single severe episode or numerous repeated episodes cause a long-term injury to cardiac valves, referred to as rheumatic heart disease (RHD). 12 Molecular mimicry has been found to be critical in pathogenesis of ARF as well as carditis as it has been demonstrated that M-protein, the major virulence factor for S. pyogenes, shares an α-helical coiled structure with heart proteins (eg, myosin) and that antibodies from patients with ARF cross-react with both M-protein and cardiac tissue. The confirmation of these cross-reactions came from development of mouse and human mAbs against GAS which further led to identification of myosin, vimentin, laminin and tropomyosin as heart autoantigens cross-reactive with GAS. 13 Both anti-streptococcal and anti-myosin mAbs identified M-protein; moreover, immunodominant epitope of group A carbohydrate, that is N-acetyl-β-D-glucosamine 14 was also recognised for the first time. In fact, peptides (Gln-Lys-Ser-Lys-Gln, confined near the pepsin cleavage site of M5 and M6 proteins) from α-helical coiled-coil molecules which mimic group A carbohydrate epitope have also been described. Besides cardiac myosin, M-protein also shows cross-reactivity with heart valves, a finding confirmed by employing the use of mouse and human mAbs against GAS which reacted with both myocardial and valvular tissues (reviewed in [12, 15] Group A streptococcus infection has also been linked with some rare obsessive-compulsive disorders, Tourette's syndrome in children, commonly termed as PANDAS, that is paediatric autoimmune neuropsychiatric disorders associated with streptococcal infections and Sydenham chorea, in adults. Although the association of GAS with these disorders is very divisive, yet new evidence strongly supports autoantibody mimicry mechanisms as GAS infection causes formation of antineuronal antibodies. Autoantibodies present in PANDAS/Sydenham chorea signal the neurons and connect to both the brain gangliosides and intracellular tubulin, further reinforcing the proposition that molecular mimicry between brain tissue and GAS proteins might be the underlying mechanism of this disease. 19 In fact, such mimicry does not always lead to pathological consequences as the cross-reactive auto Abs recognize proteins which are limited to inside of the cell. However, to be pathogenic, Abs must also target the surface antigens. This has been observed both in case of RHD and PANDAS, that is crossreactivity has been observed with an intracellular protein biomarker, viz. cardiac myosin in heart and tubulin in brain; however, disease mechanisms are initiated only by the antigens at the cell surface, viz. laminin in heart 13 and lysoganglioside and dopamine receptors (D1 and D2) on neuronal cell membrane (by altered signalling through activation of calcium/calmodulin-dependent protein kinase II which eventually increases tyrosine hydroxylase and dopamine release). 20 Moreover, streptococcal phospholipid or protein antigens (M-protein) have also been reported to pose as surrogate antigens for DNA and thereby, becoming the source of cross-reactive anti-DNA antibodies in lupus mice or patients (reviewed in [21] ). In addition, similarity of streptococcal proteins with collagen has also come to light. In this regard, Lukomski et al 22 have contributed their bit by illustrating the shared sequence homology between Scl (streptococcal collagen-like) proteins and human collagen. Moreover, Scl protein also possesses many adjoining Gly-X-X (X: unknown amino acid) amino acid repeats, a feature distinctive of human protein, collagen. Epitope sharing between M-proteins of GAS and antigens present in cartilage and synovium also suggests a possible involvement of autoimmunity in Streptococcus mediated reactive arthritis. Rabbit antisera induced by GAS M-proteins when monitored for the occurrence of joint cross-reactive antibodies by means of indirect immunofluorescence using thin sections of mouse knee joints revealed that Pep M1, M5 and M18 antisera consisted of antibodies which cross-reacted with chondrocytes, cartilage and synovium, hinting that antibodies cross-reactive to M-protein could likely be involved in genesis of immune-mediated arthritis. 23 Interestingly, streptococcal M-proteins, besides mimicking human cardiac myosin, also mimic the epitopes in Coxsackie virus capsid proteins (as demonstrated by means of immunological cross-reactions, wherein mAbs against GAS neutralized CVB3 and adhered to cardiac myosin) indicating that cross-reactive Abs may recognize epitopes on more than a single infectious agent in addition to the host tissues antigens. 24 Moreover, these mAbs were cytotoxic to heart cells in the presence of complement suggesting their benefit to the host as they might pose as the first line of defence. 25 In this regard, one of the anti-streptococcal/antimyosin mAbs has been employed to produce viral (CVB3) escape mutants that cause myocarditis in a different MHC haplotype than the wild-type virus. 24 Also, T cells isolated from CVB3-infected mice with myocarditis primarily recognized a 19mer peptide in M5 protein of GAS. This peptide (named NT4) possessed both T and B cell epitopes which cross-reacted with cardiac myosin. Helicobacter pylori antigens have been effectively evoking the immune system of GIT to develop autoantibodies which cross-react with several appetite-regulating peptides, for example leptin, orexin, alpha-melanocyte stimulating hormone (α-MSH) and ghrelin. Autoantibodies against peptides regulating appetite have also been detected from sera of individuals infected with H. pylori. 32 There are instances when bacterial proteins show homology in amino acid sequences with molecules of innate immune system, thereby, blocking the signalling pathways mandatory for induction of host immune response against the invading pathogen. One such case has been reported with respect to H. pylori wherein bioinformatic analysis has indicated homology in amino acid sequences of CagA protein of H. pylori and IL-33 that is a cytokine/transcription factor and alarms the immune system about restoration of epithelial cell homeostasis. 33 Helicobacter pylori is also related with extraintestinal conditions and based on molecular mimicry, few studies have linked it with infertility. Figura et al 34 were successful in establishing amino acid similarity between three proteins of H. pylori, viz. flagellin, VacA and CagA and tails and pericentriolar area of human spermatozoa (which are rich in tubulin). As spermatozoa are the only flagellated human cells, hence the possibility of their homology with bacterial flagella cannot be ignored.
| Helicobacter pylori

| Campylobacter jejuni
Glycan mimicry is a strategy utilized by pathogens to escape host immune response. Hence, similarity between sialylated lipooligosaccharides (LOS) of C. jejuni and human nerve gangliosides, viz. GD1a, GD3, GM1, GM2, GM3 and GT1a results in onset of Guillain-Barré syndrome. Besides serological evidence, the causality could be credibly reproduced in an animal model as well. Yersinia pseudotuberculosis puts forward an explicit example where mimicry is evident, not because of structural similarity, but because of functional similarity between bacterial and host proteins. It employs invasin, an envelope protein, to attach to host-cell β1 integrin surface receptors (the actual ligand for which is fibronectin), which in turn manipulates signalling pathways of the host and allows attachment of bacteria and eventually, its internalization. 42 Invasin is highly potent as a competitor against fibronectin, which is inadvertent since both invasin and fibronectin appear as long, rod-like molecules consisting of repeat domains, as evident by their crystal structures. The tertiary structure of both reveals that rods are capped by completely unrelated domains of amino acids found in the binding site, thereby, projecting a functional similarity between the two. The profound biochemical similarity between integrin-binding surfaces of invasin and fibronectin lies in the extensive cleft, which although lacking in invasin; yet, three residues which are critical for integrin binding (2 Asp and 1 Arg) are placed in almost alike location across the breadth of the binding surface. 
| Chlamydia trachomatis
Jones et al 44 have revealed an analogy between 10 and 57 kDa chlamydial HSP (cHSP10 and cHSP57/60, respectively) and human HSPs. Hsp60 expression has been recognized in follicular fluids of females with failed in vitro fertilization (IVF) attempts, 45 in glandular epithelial cells in human decidua 46 and in mammal embryos at early stages. 47 Also, HSP57/60 has been elementary in inducing the apoptosis of trophoblasts by triggering the toll-like receptor 4 (TLR4), the natural mediators of immune response in placenta. 48 The similarity between human and chlamydial HSP60 leads to the development of antibodies against cHSP60 in the serum and follicular fluid of females exposed to C. trachomatis which might negatively affect pregnancy outcomes and embryonal growth. Cross-reactivity has also been reported between cHSP10 and human early pregnancy factor (EPF), an embryonic protein, which is responsible for abortions. 49 
| Clostridium botulinum
Of the eight antigenically distinct exotoxins produced by this bacteria, sequence homology has been witnessed in neurotoxin A (Btx-A) of C. botulinum and thyroid-stimulating hormone receptor (TSHR). Using an in silico approach, an amino acid sequence homology between this neurotoxin and thyroid autoantigens has been established. Owing to molecular mimicry between the two, anti-toxin Abs can identify and attach to TSHR. Hence, rise in levels of blood TSH that follow each Btx-A injection might be attributed to elicitation of TSHR Ab which "neutralizes" TSHR signalling (TSHR blocking Ab). 
| Ureaplasma urealyticum
The contribution of U. urealyticum in infertility has been extensively studied and Ye et al 51 became the pioneer to report the existence of cross-reactivity between antigens of U. urealyticum and human spermatozoa, followed by Shibata et al 52 
| Escherichia coli
Escherichia coli is principally the most intensively studied and best understood organism on this planet. Its association with autoimmune liver diseases such as primary biliary cholangitis (PBC) and autoimmune hepatitis and has been attributed to mechanism of molecular mimicry. 56 The sera and T-lymphocytes from patients suffering from PBC react both with human and E. coli pyruvate dehydrogenase complex (PDC-E2). Although the antibodies to human PDC-E2 react well against PDC-E2 of E. coli, however, antibodies to E. coli PDC-E2 usually display low titres and are more frequent in those patients who are at late stages of PBC than those who are in early stages. 57 This microorganism has also been demonstrated to invade host cells through Fim H, a constituent of type I fimbriae, which attaches to the Gp1-anchored molecule CD48 and initiates bacterial phagocytosis. Reports of homology between FimH and CD2 (human ligand) have also surfaced up. 58 Further, in patients with rheumatoid arthritis (RA), the QKRAA:QRRAA motif of the β-chain of HLA-DR4 was found to be located on peptides from E. coli dnaJ. 59, 60 The association of this motif with RA suggests that linear epitope mimicry between self MHC antigens and antigens of the microbe is related to activation of T cells and eventually in the induction of autoimmunity in patients with RA. Various reports have highlighted the possibility of antigenic similarity between E. coli and human spermatozoa, for example Serotypes 08, 09 and 086 of E. coli have been found to contain heterogenetic antigens similar to those found on human spermatozoa. 61 It has been hypothesized that these antigens might belong to mannans (found in cell wall of bacteria), which have been shown to be similar to cellular carbohydrates of human spermatozoa, hinting towards the similarities between E. coli and human spermatozoa. Other studies do exist which afford confirmation for a connection between E. coli and antibodies against spermatozoa with the help of absorption experiments, 62 anaphylaxis, microprecipitation and cytotoxicity assays 63, 64 and ELISA. 
| Rickettsia
Back in 1916, Weil and Felix discovered that sera of all the patients suffering from typhus fever after the first week of illness showed agglutination in the presence of Proteus X-19. Then in 1933, Castaneda and Zia 66 found out that the cross-agglutinability of Rickettsia and Proteus X-19 by typhus immune serum and anti-Proteus serum was due to a common antigen present in both microorganisms. This unexpected similarity of some carbohydrate antigenic determinants that is found in most species of rickettsia species and in the OX-2, OX-19 and OX-K strains of Proteus mirabilis and Proteus vulgaris, led to the introduction of a serological test known as Weil-Felix Test (WFT) for diagnosis of rickettsial infections which has made the diagnosis of rickettsial infections to be very quick, easy and cheap. 67 
| Parasites
Various parasitic antigenic determinants have also been found to be extremely homologous to human antigens and they include Trypanosoma cruzi, Schistosoma mansoni, Onchocerca volvulus and Plasmodium falciparum.
| Trypanosoma cruzi
Various human antigens capable of cross-reacting with the sera of Chagas patients have been demonstrated, some of which are as follows: a 23 kDa human ribosomal P-protein shares homology with T. cruzi ribosomal P1 and P2 proteins 68 ; a functional epitope on the β 1 adrenergic receptor mimicking carboxy-terminal part of the ribosomal P0 protein of T. cruzi 69 ; a 48 kDa nervous tissue antigen present in the sciatic nerve, myenteric plexus and a subset of cell in CNS cross-reacts with T. cruzi flagellumassociated surface protein, FL-160 70 ; a heptapeptide of cardiac myosin heavy chain cross-reactively recognizing immunodominant B13 protein from T. cruzi 71 ; and a Cha protein from human heart cells sharing amino acid homology with shed acute-phase antigen (SAPA) of T. cruzi. 72 Further, the mimicry has been confirmed by the development of mAbs against each of these T. cruzi epitopes which have been found to cross-react with human host tissue antigens.
| Schistosoma mansoni
Of all the six known species of Schistosoma, molecular mimicry has been identified between an epitope on S. mansoni and a human granulocyte surface antigen. The sera of patients with schistosomiasis recognizes the circulating cathodic antigen (CCA) of Schistosoma which is a glycoprotein consisting of polysaccharide side chains with the repeating units of trisaccharide Lewis-x L(ex). mAb against CCA from patients with schistosomiasis have been found to react with the L(ex) units present on the surface of granulocytes. 
| Onchocerca volvulus
A plethora of work has been dedicated towards comprehending the aetiology of sowda which is a severe form of chronic onchocerciasis. 
| Plasmodium falciparum
Plasmodium falciparum, the most virulent of all five malarial parasites, avoids immune detection by mimicking some of the host proteins, for example a sequence homology has been identified between surface antigen of P. falciparum merozoite and host intermediate filament proteins. 76 Moreover, the conserved part of variable region II of the circumsporozite of Plasmodium also mimics region E of thrombospondin, a platelet-derived adhesion molecule which mediates adhesion between infected erythrocytes and vascular endothelium. 
| Viruses
Viruses have also come across as one of the most interesting examples of mimicry, and examples of some viruses with such properties have been described below:
| Cytomegalo virus
Although correlation between type 1 diabetes as well as stiff man syndrome with human Cytomegalo virus (hCMV) infection has not been much intrigued, yet, both the diseases have glutamic acid decarboxylase (GAD65) as the main autoantigen. A similarity in sequence has also been established between GAD65 and CMV major DNA-binding protein, and corresponding viral peptides were recognized by GAD65 reactive T cell clones. 78 Also, CMV has the capability to fabricate its "self" version of cytokine that modulates the immune response of the host. In this regard, CMV, for its own benefit, has been known to produce IL-10, an immunosuppressive cytokine. 
| Herpes simplex virus
Molecular mimicry offers a valuable strategy for identifying possible etiologic agents of Myasthenia gravis (MG), a disease associated with episodic muscle weakness and fatigue. Although the underlying reason of the disease is unidentified, however, the job of circulating antibodies formed against nicotinic acetylcholine receptor (AChR) in its pathogenesis is very well discerned. In an attempt to study the probability of involvement of microbial antigens which mimic AChR in triggering MG, Dyrberg et al 80 identified a sequence in the α-chain of human AChR (amino acids 160 to 167) which shared an immunologically significant structural homology with herpes simplex virus (HSV) type 1 glycoprotein (Gp) D (amino acids 286 to 293).
| Coxsackie virus
A significant similarity has been observed in the amino acid sequence of P2-C protein (associated with the development of insulin-dependent type 1 diabetes mellitus, an autoimmune destruction of the insulin-secreting pancreatic β cells) of Coxsackie virus B4 (CVB4) and glutamic acid decarboxylase (GAD65) enzyme found in β cells of host endocrine pancreas. 81 The evidence for molecular mimicry between cardiac myosin and CVB3 capsid proteins came from generation of neutralizing mAbs against a highly myocarditic variant of CVB3 (CVB3 m) which participated in proinflammatory reactions in vitro and provoked cardiopathologic alterations in vivo, suggestive of a mechanism by which CVB3-induced chronic inflammation in murine heart tissues can be sustained post-viral clearance. 82 Moreover, antigenic mimicry also occurs in T lymphocytes isolated from CVB3-infected mice with viral capsid proteins, VP1-VP5 as targets for T cells. 83 87 Immunization of mice with the entire EBNA-1 protein led to the development of antidsDNA and anti-Sm antibodies. 88 Moreover, rabbits immunized with either 60 kDa Ro (aa 169-180), the earliest detectable auto-Abs in SLE patients, or the cross-reactive EBNA-1 epitope increasingly developed auto-Abs binding multiple epitopes of Ro and spliceosomal autoantigens and the animals ultimately developed clinical symptoms of lupus such as leukopenia, thrombocytopenia and renal dysfunction. 89 Substantial support in favour of its involvement in multiple sclerosis (MS), an autoimmune chronic inflammatory disease of the central nervous system, with the backdrop of molecular mimicry came in 2017, when Lomakin et al 90 demonstrated homology between viral latent membrane protein 1 (LMP1) and myelin basic protein (MBP) of humans. Similarly, its association with autoimmune diseases such as SLE and RA has also been studied.
| Human papilloma virus
Association between quadrivalent anti-human papilloma virus (HPV) vaccine and a life disabling autoimmunemediated condition, primary ovarian failure (POF), has recently come to limelight. The possible trigger for this has been reported to be aluminium-containing adjuvant in the vaccine preparation, which increases the immune reaction, termed as autoimmune/inflammatory syndrome induced by adjuvants (ASIA). 91 Furthermore, the idea of autoimmunity in this case was supported by the presence of anti-ovarian and anti-thyroid peroxidise Abs. 92 Following the similar path, in our laboratory, a strain of S. aureus was used to isolate and purify the sperm immobilization factor, SIF, which compromised spermatozoa in vitro (motility, viability, morphology and Mg 2+ -ATPase activity of mouse spermatozoa) and in vivo. Moreover, FITC-labelled SIF was also found to bind mouse spermatozoa and various motile as well as nonmotile bacteria indicating presence of common SIF-binding receptors on spermatozoa and bacteria, viz. E. coli, P. mirabilis, Pseudomonas aeruginosa, S. enterica serovar Typhi, Vibrio cholerae, Shigella flexneri and S. pyogenes. Out of the large repertoire of bacteria showing common SIF-motifs, an attempt was made to isolate the corresponding SIF-binding receptor, primarily, from E. coli (E-SBR). Interestingly, upon addition of mouse spermatozoa to SIF pre-incubated with E-SBR, ameliorative effect against SIF-induced impairment of sperm function could be observed, viz. normal sperm parameters (motility, viability, morphology, Mg 2+ -dependent ATPase levels), blockage of binding of labelled SIF to spermatozoa and bacteria; and alleviation of SIF-induced infertility in female BALB/c mice (Unpublished results). These results further provide an evidence for common antigenicity between bacteria and spermatozoa.
| CONCLUSION
Molecular mimicry seems to be a rational justification for the induction of autoimmune diseases and antisperm antibody-associated infertility. Better comprehension of these processes might help in providing new molecular and cellular tactics for control and management of autoimmune responses and diseases. Although in the recent times, there has been drastic advancement in this field, yet major loopholes still persist. Furthermore, there might be many more candidates of molecular mimicry which till date have remained unexplored. The significant boost in information regarding the immune system, and the genetic basis of complex traits, is expected to hasten the swiftness of our understanding of human autoimmunity in the near future.
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